Introduction
Analytical assessment of fish stocks in the Baltic (ICES, 1999b) and the North Sea (ICES, 1999a (ICES, , 2000 is routinely made by single species virtual population analysis (SSVPA). This analysis estimates the instantaneous rate of fishing mortalities (F) and stock numbers-at-age using historical data on catch-at-age numbers and values for the instantaneous rate of natural mortalities (M). Historically, M-values used as input to SSVPA are constant and set typically to 0.2. However, the results of multispecies virtual population analysis (MSVPA) (Helgason and Gislason, 1979; Pope, 1979; Sparre, 1980) , where mortality caused by inter and intra-species predation are estimated, suggested higher total natural mortalities than traditionally used in SSVPA, at least on younger ages. (See e.g. Pope, 1991; Magnù sson, 1995; and Bax, 1998 for reviews of MSVPA method and application.)
Increasing natural mortality in VPA produces two main effects: fishing mortalities are generally reduced and population sizes are increased (given the Baranov catch equation). The influence of higher M-values on short-term total allowable catch (TAC) was investigated by some theoretical considerations (Pope, 1983) and by ICES working group on Methods of Fish Stock Assessment (ICES, 1986) . They concluded that the actual value of M used in the assessment had a very limited influence on a short-term status quo TAC, and that there was no particular need to take multispecies effects into account when short-term advice was provided (Pope, 1991) . The assessment working groups thereafter adopted the MSVPA estimated natural mortalities in SSVPA as an age-dependent but temporal constant value, calculated as the average over the available MSVPA year range.
More than status quo predictions are required from the assessments today. The precautionary approach has been endorsed as a basis for fisheries management, and the definition of trustworthy biological reference points depend on valid estimates of both the present and historical state of the stock. Moreover, ''strategic'' advice based on SSVPA or MSVPA assessment may give different and sometimes contradictory conclusions about the effect of management measures for rebuilding the stock (for mesh size changes see e.g. ICES, 1989) . Together these recent developments create new needs of a consistent multispecies approach to assessment.
Both the SSVPA and MSVPA method use input values of F for all age groups in the last data year and for the oldest age group in other years. The right choice of these terminal fishing mortalities (F term ) is critical as the calculated stock numbers in the last data year depend directly on these values. Much effort therefore is used in single species assessment to calibrate (''tuning'') F term from research survey and commercial fisheries abundance indices. F term for use in MSVPA have previously been estimated by guessing the F term , fourth quarter, such that the sum of the estimated quarterly MSVPA F-values were close to the annual speciesspecific F term used by SSVPA. A first try to incorporate XSA-tuning (Shepherd, 1999) in MSVPA was made at the Multispecies Assessment Working Group meeting in 1992 (ICES, 1992) where it was concluded that the method was applicable. Discrepancies in the way the XSA and MSVPA treat the plus group prevented final testing of the method.
The present use of constant natural mortality in the SSVPA North Sea assessment is inconsistent as MSVPA estimates variable M-values over the assessment period. Moreover, MSVPA uses F term from SSVPA as input to the estimation of natural mortalities. This paper presents ad hoc multispecies tuning, which is a consistent method for inclusion of species interactions in assessment, using the existing tuning packages. The effects of using multispecies tuning are investigated for the Baltic and North Sea fish stocks. The analyses will focus on the correlations between survey abundance indices and the estimated stock sizes for both single-and multispecies tuned assessments.
Materials and methods
Ad hoc multispecies tuning can be considered as a successive exchange of natural mortalities and terminal fishing mortalities between MSVPA and tuning modules for individual species, until equilibrium is obtained. Tuning is not integrated in the MSVPA program, but is made through calls to separate external modules. Such an approach allows use of the normally applied tuning software, such as ICA (Patterson, 1998) , SXSA (Skagen, 1993; 1994) and the Lowestoft VPA package (Darby and Flatman, 1994) including XSA without rewriting the MSVPA program or tuning modules.
The principal algorithm of ad hoc multispecies tuning is:
(1) Perform a MSVPA run using dummy F term . 2 >limit go to 2. Multispecies tuning is implemented as an extension to the 4M package (Vinther et al., 1998) . 4M (Multispecies, Multi-Fleet and Multi-Area Model) is a newer and extended implementation of the MSVPA program previously used by the ICES multispecies assessment working groups. The 4M package can reproduce the results from the old MSVPA program and is routinely used by the ICES Study Group on the multispecies model implementation in the Baltic (ICES, 1999c) . In 4M, a MSVPA run consists of a number of commands for reading of input variables, initialisation, MSVPA iteration until convergence, and output of results. The sequence of these commands is defined in a command file interpreted by the 4M program. It is possible to include calls to the operating system, such that user defined programs (i.e. a SSVPA tuning) can be executed within a 4M run. Using this flexible setup and two new programs to handle the exchange of natural and fishing mortalities (step 2 and 4 in the overview, respectively), it is possible to automate the sequence of single-species tuning and MSVPA runs.
Plus groups are handled differently in MSVPA and in ICES single-species tuning. In the traditional MSVPA, equilibrium in the plus group is assumed such that the number of fish entering the plus group is equivalent to the number of fish dying. Given this, the number of fish in the first true age group can be calculated. In the standard ICES VPA, F-values for the plus groups are given the same values as F for the oldest true age group. MSVPA operates by quarter and identical Fs of fourth quarter for the two oldest age groups will not result in the same annual F, as the quarterly distribution of catches and M-values may differ for the two age groups. The ICES way of handling plus groups is implemented in MSVPA by giving the F term in the fourth quarter for the two oldest age groups as input. The estimation of these F term for fourth quarter, such that the annual F-values become similar, are made by an external program outside the MSVPA program (step 4 in the basic algorithm).
Even though the basic idea of ad hoc multispecies tuning is straightforward, differences in the SSVPA and MSVPA stock definitions with respect to both distribution area and number of age groups complicate the implementation. Due to the different number of age groups used in SSVPA and MSVPA (Table 1 and 2) it was necessary to adjust mainly the MSVPA data set such that the number of age groups became identical for the two sets.
Technically, SSVPA tuning and MSVPA use separate catch data sets, which ideally should be identical with respect to annual catch numbers and catch area. When two different data sets are used, it is assumed implicitly that the two ''stocks'' have the same fishing and natural mortality. MSVPA for the North Sea includes only ICES Subarea IV, while the SSVPA ''North Sea stocks'' in some cases have a wider distribution area (Table 1 and Figure 1 ). The proportion of catches taken outside the North Sea is largest for cod (Gadus morhua), for which approximately 15% of the SSVPA catch are taken outside the MSVPA area (ICES, 2000) . For haddock (Melanogrammus aeglefinus), whiting (Merlangius merlangus), saithe (Pollachius virens) and Norway pout (Trisopterus esmarki) it was assumed that 95% of the SSVPA stocks were present in the North Sea.
A comparison of the quarterly catch numbers in the North Sea MSVPA database and the annual SSVPA catch numbers revealed, in general, a good agreement between the two data sets, but some individual catch-atage numbers and all catches number in some years diverged considerably between the two data sets. The single-species assessment working groups supply quarterly catch-at-age numbers for the most recent year, evens year, to be used in multispecies assessment. However, when the single species working groups make revisions of older catch data the MSVPA catch number data set is not being updated, thus discrepancies between the two sets of catch data may occur. To bring the multiand single species catch data sets in agreement, it was assumed that the age distribution of SSVPA catches is homogenous for the whole single species stock, such that a new set of MSVPA catch numbers could be derived from the SSVPA data set. The single species catchnumbers-at-age were downscaled proportionally by the portion of the annual stock catch weight taken in the North Sea and distributed on quarters using the old MSVPA quarterly catch distribution. However, this was not done for the catch of age group 0-3 of herring (Clupea harengus), where a considerable proportion of the stock is fished outside the North Sea. Values for this proportion could not be found in working group reports and the catch numbers were left unchanged for the young herring.
The used tuning fleets and options were identical to the single-species assessment (ICES, 1999a (ICES, , 2000 except that two tuning fleets fishing entirely outside the North Sea were excluded. Tuning data have been evaluated historically by the working groups in a single species context, and the actually choice of fleets might have been optimised for assessments with at-age constant M-values.
The Baltic Sea MSVPA area includes ICES Subdivision 25-29+32 (Figure 1 ) for cod and herring and Subdivision 25-32 for sprat (Sprattus sprattus). Stock areas for SSVPA are wider (Table 2) , but almost all the catches are taken in the MSVPA area. The Baltic Sea MSVPA catches has recently been updated (ICES, 1999b) and the historical catches are almost identical to the values used in SSVPA (ICES, 1999c) . Single-species assessments in the Baltic Sea are made using M-values estimated without tuning at the most recent Baltic Multi Species Working Group meeting (ICES, 1999c) . However, to compare the effect of using constant M-at-age contra multispecies-tuned M-values, the M-values used in SSVPA were set constant for each age. These values were calculated as an average value of MSVPA natural mortalities for the period 1977-1995. Tuning fleets and options were as defined at the 1999 working group meeting (ICES, 1999b) .
All species in MSVPA are assumed to enter the age-structured population vulnerable to predators and fisheries at age 0 in the third quarter of the year. F term for the youngest age groups not included in SSVPA were given as input, such that the estimated stock number was close to the average for the period 1986-1995. The setup of MSVPA with respect to inclusion of VPA species, other predators and choice of options (see Table 1 and 2) was similar to the key-runs made at the last Multispecies Assessment Working Group meetings (ICES, 1997 (ICES, , 1999c . The North Sea mackerel (Scomber scombrus) stock was, however, redefined from a VPA species group to the ''other predator'' group, where stock numbers are given as input. In MSVPA the total natural mortality consists of a predation mortality (M2) caused by the species included in the model, plus a fixed residual natural mortality (M1) given as input. M2 for the North Sea stocks of sole (Solea solea), plaice (Pleuronectes platessa) and saithe are in the model caused by predation from grey seals (Halichoerus grypus). This predation is very limited and the effect of multispecies tuning for these species is not discussed further in this paper.
The performance of single species and multispecies tuning for XSA tuned species was compared by the internal end external standard error of the logtransformed terminal population (see Darby and Flatman, 1994) . These standard errors are produced by the XSA-tuning package and can be considered as a weighted mean of the variance of the log catchability coefficients estimated for the individual set of abundance indices (tuning fleets). The internal standard error corresponds to the within fleet variance whereas the external standard error corresponds to the among fleets variance. Standard error of a log-transformed quantity is approximately equivalent to the coefficient of variation of the untransformed value (Aitchinson and Brown, 1957) .
The SXSA tuning package used for Norway pout and sandeel (a mixture of Ammodytoidei species, almost entirely Ammodytes marinus) cannot provide the same detailed output as XSA and the performance was compared by using the r 2 -values from the log (stock number)log (cpue) regressions used in the tuning.
Tuning most often uses cpue indices from only the last ten years. The effect of variable natural mortalities for a longer time period was evaluated from the Pearson correlation coefficient between scientific survey abundance indices and stock numbers estimated from respectively tuned SSVPA and tuned MSVPA. The stock numbers were adjusted to the time of the year for the survey using the quarterly mortality rates from MSVPA (in both multi-and single-species mode). Fishery independent indices only were used to get a more consistent effort measure during the whole period. To evaluate the convergence and uniqueness of the estimated F term from multispecies tuning, one set of initial F term was first estimated by running the multispecies tuning in single-species mode (constant-at-age M). Five individual multispecies tunings were then made by using the single species F term multiplied by a ''noise factor'' in form of a random number from a lognormal distribution ( =1, =0.8, 90% confidence interval]0.24-2.45) as an initial estimate of F term . Output from these five multispecies tunings was finally compared to evaluate whether the choice of initial F term affects the tuned F term value. The range of the noise factor was chosen of practical reason as format specification and overflow errors in tuning software prevented the use of a much wider range.
Results
The multispecies tuning converges rapidly for the North Sea stocks (examples on Figure 2 ) and about five runs seem necessary for convergence of F term for the last data year. The initial estimate of F term used to produce Figure 2 was the SSVPA F term multiplied by the noise factor. Without this factor, multispecies tuning converges after two to three runs. Each run, including one MSVPA, exchange of data and nine single-species tunings, takes less than one minute to complete on an up-to-date PC. The MSVPA for the Baltic Sea has cod as the only predator and converges practically after two to three runs. The uniqueness test showed that the estimated set of multispecies F term are identical given initial F term relatively close to SSVPA estimates for both the Baltic and the North Sea.
An overview of the estimated predation mortality (M2) for the youngest age groups is given on Figure 3 for the North Sea stocks. M2 has a statistical significantly negative slope in the period 1974-1998 for age group 1 and 2 of the species cod, haddock, whiting, herring and sandeel. Species where the 0-group is included in SSVPA shows a highly variable M2 for the 0-group.
The predation mortality for the prey stocks in the Baltic Sea (Figure 4 ) follows the biomass of cod with high values in the beginning of the 1980s, a declining trend up to 1990 and there after relatively stable and low values. Cod cannibalism was significantly higher in the period with high cod biomass and relatively low biomass of sprat and herring.
The performance of single-and multispecies tuning, given as tuning statistics, shows in general a limited difference between the two methods. For the North Sea XSA tuned stocks, the coefficients of variation of the terminal populations numbers are almost identical for the two VPA modes, except for the 0-group haddock where the higher values are obtained by multispecies tuning (Table 3 ). The correlation analysis includes longer time series, but the conclusion is the same (Table 4) between the two VPA approaches. Cod and haddock have relatively high and similar correlation coefficients for both approaches, however, the 0-group of haddock perform much better for the single species approach. Correlation between estimated stock numbers and abundance indices is in general very poor for whiting, but the highest correlation is obtained for multispecies tuning. Values of r 2 for the SXSA tuned North Sea stocks give no clear answer to which tuning approach performs the best (Table 5) . Norway pout has more cases where a significant r 2 is highest for multispecies tuning, whereas the opposite is the case for sandeel. Both species have low r 2 for the regressions. Data back to 1983 are used in the tuning of Norway pout and sandeel, but a longer time-series of survey data exist for Norway pout. The use of the extended time-series in a correlation analysis did not change the conclusion of a limited difference between the two types of assessment.
For the Baltic Sea stocks, the difference between the two approaches is more clear. Coefficients of variation of the multispecies tuned terminal population estimate are similar to the SSVPA estimate for cod and herring, and lower for age group 1-2 of sprat (Table 6 ). For the age group 1-2 of sprat the CV is consistently lower for the multispecies assessment, even though the difference is small. The correlation between stock numbers and survey indices (Table 7) confirms this result for cod and sprat, whereas herring has lower correlation coefficients for MSVPA assessment.
Discussion
One of the risks of multispecies assessment is that one invalid data set for a cardinal species, prey or predator, may distort the mortality estimates for other species giving an overall erroneous assessment. The predatorprey interactions are very complex for the North Sea area, which create the opportunity for a lot of potential data errors. Even though the North Sea system has proven to be relatively robust to changes in input parameter levels, there are still data problems, especially with the biomass of ''other predators'' (ICES, 1997). ''Other predators'' consists of stocks without analytical assessments or stocks with a distribution much wider than the North Sea (Table 1 ). The relative importance of the predation by ''other predators'' has increased in the recent years, because of the overall decreasing biomass of the VPA predators, especially whiting. The estimate of predation mortality caused by ''other species'' is relatively uncertain, which might explain the relatively modest performance of multispecies tuning for the North Sea. Multispecies tuning performs relatively better for the Baltic Sea where stock size and diet of the only predator, cod, are estimated from a relatively more comprehensive data set. Both single-and multispecies tuned assessments use natural mortalities estimated by multispecies assessment. The difference is that single-species tuning uses the average of the historical M-values whereas multispecies tuning uses variable, year dependent M. The biggest difference between the two approaches, therefore is expected to be found for species with highly variable M-values or for M with a consistent trend over the years. A clear consistent trend in M2 is found for the Baltic Sea sprat. This species shows a clear positive effect of using variable M. Herring in the Baltic has a similar but less dramatically change in M over the years; variable M does nevertheless not improve the tuning statistics for this species.
The absolute values of M are generally higher for the North Sea stocks, but the relative changes in predation mortality are more modest, even though most of the species have a significant negative slope of M with time for the 1 and 2 age groups. This trend is most clear for age group 1 of sandeel, but variable M in the assessment does not improve the correlation between abundance indices and stock size. The correlation, however, is not high in any of the two sandeel assessments and abundance data go back to 1983 only, where the steep decline in M2 already has faded out. Cod and whiting have a similar pattern in M2 for the age group 1 and 2 with a weak descending trend in M2 since 1981. The hypothesis of an improved assessment in the case of a clear trend seems to hold for these two species, as both species in most cases have a higher correlation coefficient for the multispecies assessment. MSVPA estimates a highly variable M2 for the 0-group of haddock, but the constant M approach gives consistently lower standard errors; it seems as if the multispecies MSVPA cannot catch a possible variation in the 0-group mortality of haddock very well. The correlation coefficients for the 0-group of sandeel and Norway pout are, however, similar for the two approaches such that a general conclusion about the ability for MSVPA to predict the 0-group cannot be made.
The MSVPA stock assessment is incorrect for the North Sea herring as a considerable part of the immature stock migrates out of the North Sea (for a later return) and MSVPA handles only the catch and mortality in the North Sea area. It is therefore not alarming that single-species assessment performs slightly better for this species. At the latest North Sea Multi Species Working Group meeting (ICES, 1997), it was noted that multispecies forecast of herring and haddock gave conflicting results when stomach data from the beginning, or from the end of the assessment period, were used as input. The group could not identify further the reason to the discrepancy during the meeting. It is somewhat comforting that multispecies tuning performs relatively badly for exactly these two species where problems in either MSVPA method or data have been recognised previously.
The performance of the two approaches is very similar and a statistical test to evaluate the significance of the difference is desired. Such a test could compare the mean and variance of survey's catchability coefficients for the two approaches. VPA and MSVPA are not statistical models and they treat input data as being exact. It is, however, wrong to handle the estimated stock size as error-free, independent variable in a regression of abundance indices on stock size. Abundance indices are, in addition, used to tune the stock size for the terminal year, such that stock size depends on indices, at least for the most recent years and oldest ages. I have chosen to use a relatively simple correlation analysis to moderate the problems of statistical dependency among the variables. A proper statistical test must wait until MSVPA has been implemented as a statistical model. Some years ago, the ICES assessment working groups were reorganised such that all species in one area were assessed at the same meeting. The idea was to make it possible to take biological and technical interactions into account in assessment, since most species cannot be managed as independent units. Very little has happened since, assessments for the individual species are still made independently, functionally without taking biological or technical interactions into account. After the adoption of the precautionary approach in assessment much effort has been used to calculate various reference points, but this has also been done without considering species interactions. A methodology for biological reference points, where species interaction is included, is far from established (ICES, 1999d; Gislason, 1999) , but such reference points would require a tool like ad hoc multispecies tuning for a consistent multispecies approach in stock assessment. ICES' single species approach seems partly to be a matter of practicality. The workload at an assessment working group meetings is very high and the single species experts simply need to prepare the final assessment for the year, independently of the assessments the other species in the area. The 4M tuning approach makes that possible as the normally used single-species assessment packages are used for tuning. An average value of natural mortalities could be used as a starting point for M in the terminal year. When the definition of all the individual assessments are finalised, 4M tuning can utilise the defined setup for tuning of the individual species and perform a multispecies tuning. The new estimates of natural mortality will probably not make it necessary to redefine the choice of tuning fleets and options for the individual species. If this is the case, however, the single-species assessments can be redefined using the latest estimates of natural mortalities. When the result of the multispecies tuning is agreed, the single species experts can complete their assessment separately, or alternatively, use the 4M's features for multispecies, multi-fleet, short-and long-term predictions.
